ABSTRACT: The optimization of fermentation conditions and flocculation characteristics of γ-PGA produced by Bacillus pumilus C2 were studied in this paper. The strain C2 with high flocculating activity in extreme conditions was screened from the sediment of a saltern pool in Dalian. The strain C2 was named Bacillus pumilus C2 after the identification of morphological characteristics, physiology biochemistry experiment and 16S rDNA. The flocculation active substance was identified as γ-PGA by
γ-poly glutamic acid (γ-PGA) is an extracellular polymer of amino acids produced by microorganisms, consisting of D-and L-glutamic acid monomers connected by amide linkages between α-amino and γ-carboxyl groups. γ-PGA has a lot of high activity side-chain free carboxyl with a large number of negative charges since each α-C of repeat unit in the molecular chain has a free carboxyl. It has the broad application prospect in flocculating purification of waste water by γ-PGA as microbial flocculant.
When applied in extreme environments such as high NaCl concentration, high or low temperature, extreme pH, high heavy metals concentration (industrial processes like oil and gas production, seawater cooling, leather processing), the flocculating activity of microbial flocculant can be significantly reduced because of the change of spatial conformation. (Sam et al. 2011; Wang et al. 2011 ). In recent years, magnesium base-seawater wet flue gas desulfurization (M&S FGD) has been widely used in gas purification in the industries of coking production, smelting and shipping. Waste water generated in this treatment process (flue gas desulfurization waste water) has the characteristics of high salt, temperature and tiny particle suspension, etc. The systemic and effective treatment method has not been reported.
In this paper, the strain C2 with high flocculating activity to FGD waste was screened from the sediment of a saltern pool in Dalian and identified by morphological characteristics, physiology biochemistry experiment and 16S rDNA. The structure of flocculation active substance was identified by 1 H-Nuclear magnetic resonance ( 1 H-NMR). The fermentation conditions of γ-PGA were optimized. The effects of γ-PGA concentrations, temperature, pH and NaCl addition on the flocculating rate were studied.
MATERIALS
LB medium (g/L): yeast extract 5, peptone 10, NaCl 5, pH 7. The medium was sterilized in an autoclave for 20 min at 121 °C.
Fermentation medium (g/L): sucrose 20, sodium glutamate 20, sodium citrate 10, (NH 4 ) 2 SO 4 10, yeast extract 1, KH 2 PO 4 3, K 2 HPO 4 9, MgSO 4 • 7H 2 O 0.4, MnSO 4 • H 2 O 0.01, NaCl 5, pH 7. The medium was sterilized in an autoclave for 20 min at 121 °C.
METHODS

Methods of fermentation
The strain was activated in medium LB. A shake flask (300 mL) containing 30 mL of fermentation medium was inoculated with 5% cultures and grown at 30 °C and 120 rpm in a rotary shaker for 72 h. 2016 3 rd International Conference on Smart Materials and Nanotechnology in Engineering (SMNE 2016) ISBN: 978-1-60595-338-0 1 H-Nuclear magnetic resonance. The optimal fermentation conditions of B. pumilus C2 were 25 g/L sucrose, 25 g/L sodium glutamate, 10 g/L sodium citrate, 10 g/L (NH 4 ) 2 SO 4 , 5 g/L NaCl with the initial pH of 7. The highest production of γ-PGA was 69 g/L under the optimal fermentation in fed-batch fermentation. The study of flocculation property of γ-PGA showed that it has high activity in the conditions of high temperature, pH and NaCl concentration.
Determination of flocculating activity
Determination of flocculating activity on flue gas desulfurization (FGD waste water, from flue gas desulfurization device of a company in Dalian, China; Cl -45±0.6 g/L, pH 7.6±0.3, 60 °C, solids 5.2±0.3 g/L) was proceeded according to the method of He et al. (2010) .
Bacterial identification
The physiological and biochemical identification was proceeded according to the method of Qian et al. (2008) . The strain was identified by 16S rDNA PCR using TaKaRa 16S rDNA Bacterial Identification PCR Kit (TaKaRa Biotechnology (Dalian) Co., Ltd.). The PCR product was sequenced by the TaKaRa Biotechnology (Dalian) Co., Ltd.. Nucleotide BLAST was proceeded between the 16S rDNA sequence of the sequenced strain and that in GenBank database (http://www.ncbi.nlm.nih.gov/genbank/).
1 H-nuclear magnetic resonance (NMR) analysis
Purification of flocculation active substance: A 10 mL sample of fermentation broth was centrifuged at 4 °C and 8,000×g for 15 min. 30 mL of ethanol was added in the the supernatant and left at 4 °C overnight. The resulting precipitate was collected by centrifugation by following the method described above, then dissolved in 5 mL ultrapure water. The above managements were repeated 3 times to obtain the sample for NMR analysis. 1 H-NMR analysis of γ-PGA: The sample was investigated with a Varian INOVA 400 M NMR (Varian, America) at room temperature and 400 MHz using tetramethylsilane as an internal standard. The 1 H-NMR spectrogram was processed with MestReRova.
Determination of γ-PGA
Purification of γ-PGA: A 5 mL sample of fermentation broth was centrifuged at 4 °C and 8,000×g for 15 min. 4 mL of supernatant was transferred with the addition of 3 vol. ethanol and left at 4 °C overnight. The resulting precipitate was collected by centrifugation by following the method described above, then dissolved in ultrapure water to obtain the crude γ-PGA.
Determination of γ-PGA was proceeded according to the method of Zhang et al. (2008) .
Ferment in vessels
The working volume of the fermentor (Infors, Switzerland) was 2.5 L. The fermentor was filled with 1.3 L of fermentation medium and inoculated with 65 mL B. pumilus C2 shake flask cultures. The automatic temperature control was set at 30 °C. The pH was detected with a glass electrode and maintained 7 by adding 1 mol/L HCl and 1 mol/L NaOH solution. The dissolved oxygen level was detected with a polar oxygen partial pressure electrode and automatic control maintained never less than 40% by speed cascade and ventilation. The broth was defoamed by adding defoamer (0.015%, Chemical Factory of Lushun, China).
RESULTS AND DISCUSSION
Isolation and identification of strain with high flocculating activity from extreme conditions
Among the strains isolated from the sediment of a saltern pool in Dalian, C2 has the highest flocculating activity on FGD waste water The result of nucleotide BLAST showed that the 16S rDNA sequence of strain C2 has 99% similarity with that of Bacillus pumilus strain TCCC11014 (EU231626.1). The physiological and biochemical identification results are listed in Table 1 . The strain was named as Bacillus pumilus C2. Figure 1 . Figure 1 showed that the identified sample was γ-PGA. To conclusion, γ-PGA can be produced by B. pumilus C2. 
Carbon sources and concentration
To examine the effect of different carbon sources on γ-PGA production by B. pumilus C2, the carbon sources in medium were set as sucrose, lactose, malt, starch, glycerin and Na 2 CO 3 (the carbon source addition was calculated based on the same carbon element concentration as 30 g/L sucrose), and then fermented according to the method in 3.1.
The γ-PGA concentrations were measured after 72 h of fermentation according to the method in 3.5 ( Figure 2a) . Figure 2a showed that the amount of γ-PGA reached its highest point (28.4 g/L) when sucrose served as the carbon source. Sucrose was the optimum carbon source and was chosen for the subsequent experiments.
To examine the effect of sucrose concentrations on γ-PGA production by B. pumilus C2, the sucrose concentrations in medium were adjusted to 20, 25, 30, 35 and 40 g/L, and then fermented according to the method in Section 3.1. The γ-PGA concentrations were measured after 72 h of fermentation according to the method in 3.5 ( Figure  2b ). Figure 2b showed that the highest γ-PGA amount (28.4 g/L) was obtained when sucrose concentration was 25 g/L. The optimum sucrose concentration was 25 g/L. 
Nitrogen sources and concentration
To examine the effect of different nitrogen sources concentrations on γ-PGA production by B. pumilus C2, the nitrogen sources in medium were set as (NH 4 ) 2 SO 4 , peptone, yeast, urea, NH 4 NO 3 and NH 4 Cl (the nitrogen source addition was calculated based on the same nitrogen element concentration as 10 g/L (NH 4 ) 2 SO 4 , and then fermented according to the method in 3.1. The γ-PGA concentrations were measured after 72 h of fermentation according to the method in 3.5 ( Figure 3a) . Figure 3a showed that largest amount of γ-PGA (28.4 g/L) was obtained when (NH 4 ) 2 SO 4 served as the nitrogen source.
(NH 4 ) 2 SO 4 was the optimum nitrogen source and was chosen for the subsequent experiments.
To examine the effect of (NH 4 ) 2 SO 4 concentrations on γ-PGA production by B. pumilus C2, the (NH 4 ) 2 SO 4 concentrations in medium were adjusted to 5, 10, 15 and 20 g/L, and then fermented according to the method in 3.1. The γ-PGA concentrations were measured after 72 h of fermentation according to the method in Section 2.5 ( Figure 3b ). 
NaCl concentration
To examine the effect of NaCl concentrations on γ-PGA production by B. pumilus C2, NaCl concentration in medium were adjusted to 0, 5, 10, 20, 30, 40, 50 and 60 g/L, and then fermented according to the method in 3.1. The γ-PGA concentrations were measured after 72 h of fermentation according to the method in 3.5 ( Figure  4 ). Figure 4 showed that the amount of γ-PGA 
The initial pH
To examine the effect of the initial pH on γ-PGA production by B. pumilus C2, the initial pH in medium were adjusted to 6, 6.5, 7, 7.5 and 8, and then fermented according to the method in 3.1. The γ-PGA concentrations were measured after 72 h of fermentation according to the method in Section 3.1 ( Figure 5 ). Figure 5 showed that the amount of γ-PGA reached its highest point (28.8 g/L) when the initial pH was 7. The optimum initial pH was 7. The optimal fermentation conditions for γ-PGA production by B. pumilus C2 were as follows: sucrose 25 g/L, sodium glutamate 25 g/L, sodium citrate 10 g/L, (NH 4 ) 2 SO 4 10 g/L, NaCl 5 g/L and the initial pH 7.
γ-PGA fed-batch fermentation in vessels
Under the above optimal conditions, the fed-batch of B. pumilus C2 was proceeded according to the method in 3.6 ( Figure 6 ). After the exponential stage of cell growth (0-20 h), the equilibrium phase of cell growth began. In the equilibrium phase (20-38 h), the average value of dry cell weight was 21.5 g/L. The production of γ-PGA increased gradually with the fermentation, reached the maximum value (69 g/L) at 34 h. After 34 h, the amount of γ-PGA reduced which indicate d that γ-PGA was degraded in the decline phase. 
Effect of pH on flocculation activity
To examine the effect of pH on flocculation activity with FGD waste water, the pH were adjusted to 6.5, 7, 7.5, 8, 8.5, 9 and 9.5, the γ-PGA concentration was set as 4% (w/v), and then tested according to the method in 3.2 ( Figure 9 ). The highest of flocculation activity (94.8%) was obtained when pH was 9.5. 
Effect of NaCl concentration on flocculation
activity To examine the effect of NaCl concentration on flocculation activity with FGD waste water, the NaCl concentrations were adjusted to 3, 4.5, 6, 7.5, 9, 10.5, 12, 13.5, 15, 16.5 and 18% (the initial NaCl concentration of FGD was 3%NaCl as seawater), the γ-PGA concentration was set as 4% (w/v), and then tested according to the method in 3.2 ( Table 2 ). The effect of NaCl concentration on flocculation activity is insignificant, the average flocculating rate was 62.1% (±4.0%). 5 CONCLUSIONS
(1) The strain C2 with high flocculating activity in extreme conditions was screened from the sediment of a saltern pool in Dalian. The strain C2 was named Bacillus pumilus C2 after the identification of 16S rDNA. The flocculation active substance was identified as γ-PGA by 1 H-Nuclear magnetic resonance.
(2) The optimal fermentation conditions of B. pumilus C2 were 25 g/L sucrose, 25 g/L sodium glutamate, 10 g/L sodium citrate, 10 g/L (NH 4 ) 2 SO 4 , 5 g/L NaCl with the initial pH of 7.
(3) The study of flocculation property of γ-PGA showed that The highest of flocculation activity was obtained when the γ-PGA concentration was 4% and pH was 9.5. γ-PGA has high activity in the conditions of high temperature, and the effect of NaCl concentration is insignificant.
